There is considerable evidence indicating that freezing damages mammalian tissues by removal of water as ice; tissue damage is then attributable to the concentrated electrolyte solutions produced by this removal of water (1, 2). This hypothesis should be useful in understanding the tissue damage which occurs in experimental frost-bite. The rates of both oxygen consumption and anaerobic glycolysis of skin removed from frost-bitten feet of animals immediately after thawing are lower than in uninjured skin (3). QO~ and QSo* are also greatly reduced below control values by freezing skin in vitro (3) . Explanation of these results on the basis of damage produced by high salt concentration requires information concerning the effect of hypertonic solutions on QO~ and Q~2 of normal skin. Such information is given in this paper.
METABOLISM OF EXCISED RAT SKIN I N H Y P E R T O N I C M E D I
There is considerable evidence indicating that freezing damages mammalian tissues by removal of water as ice; tissue damage is then attributable to the concentrated electrolyte solutions produced by this removal of water (1, 2). This hypothesis should be useful in understanding the tissue damage which occurs in experimental frost-bite. The rates of both oxygen consumption and anaerobic glycolysis of skin removed from frost-bitten feet of animals immediately after thawing are lower than in uninjured skin (3) . QO~ and QSo* are also greatly reduced below control values by freezing skin in vitro (3) . Explanation of these results on the basis of damage produced by high salt concentration requires information concerning the effect of hypertonic solutions on QO~ and Q~2 of normal skin. Such information is given in this paper.
Methods
Skin from the dorsal surface of the hind feet of Wistar albino rats was used without slicing as previously described (4) . Skin from this area is thin enough to permit adequate oxygen diffusion at 37.5°C. After removal the skin was blotted rapidly on filter paper, cut lengthwise into two, or occasionally three, pieces, weighed on a microtorsion balance, and put into respirometer vessels containing the desired medium. Oxygen consumption was determined by the direct method of Warburg using 100 per cent oxygen as the gas phase. Anaerobic giycolysis was measured as CO~ liberated from bicarbonate, using 5 per cent COz-95 per cent N2 (passed over hot copper) as the gas phase. The temperature was 37.5°C. in all experiments reported here. Unless otherwise specified, the rate of oxygen consumption or giycolysis was calculated from readings taken during the period from 60 to 90 minutes after placing the tissue in the various media. Where rates of oxygen consumption (QO2) or anaerobic glycolysis (Q~a 2) are expressed in absolute terms they refer to microliters of gas consumed or produced, per milligram initial wet weight per hour.
The composition of the media used in the control experiments, and to supply balanced salt concentration in the modified media, is given in Table I . These media were based on Krebs's (5) medium III, but contain glucose as the only substrate.
Hypertonicity was obtained with NaCI, KC1, or sucrose. Concentrated hypertonic media were prepared in which the 0.154 ~ NaC1 in medium A or medium F was replaced by an equal volume of 3.08 ~ NaC1 or 3.08 ~ KCI. Sucrose was dissolved in medium A to give a final concentration of 3.74 ~. The concentrated media and the isotonic media were then mixed in suitable proportions to give the various hypertonic media used for measurement of tissue metabolism. 
RESULTS
Effects of hypertonic media on the rate of oxygen consumption of rat skin are shown in Fig. 1 . It has been shown previously that QO2 of rat foot skin is dependent upon animal weight (4) . For this reason the rats used for the experiments in Fig. 1 were within a restricted weight range (129 to 193 gin., mean --157 gin.), but even this range of weight probably contributes to the variability of the data. With concentrations up to about 1.3 osmols per liter the inhibition was fully developed within 30 minutes after placing the tissue in the hypertonic medium; during the subsequent hour or more the rate of oxygen consumption was a linear function of time. With concentrations between 1.3 and 2.3 osmols per liter the full inhibitory effect took longer to develop, and in some experiments slight decreases in QO~ occurred during the period 60 to 90 minutes after placing the tissue in the solution. With still higher concentrations the inhibitory effect was complete before the end of the 1st hour of the experiment. It is clear from the figure that hypertonicity inhibits QO2 and that the inhibition increases with concentration up to about 2 osmols per liter; above this, further increase in concentration produces little further decrease in QO2. No clear differences are evident in the figure in the effects of hypertonic solutions of NaCl, KC1, and sucrose. All these substances are equally inhibitory in equivalent high concentrations.
Anaerobic glycolysis of rat foot skin is also reduced in hypertonic media prepared with BTaCl (Table II) 
TABLE IZ

Eject of Hypcrtonic~y on Anacrobl¢ Gly¢olysis
Anaerobic glycolysis of rat foot skin in medium F (Table I ) and in the ~ne medium made hypertonic by increasing the NaCl concentration. ~m for 60 to 90 minutes after placing tissue in the medium. a given concentration of NaC1 is somewhat greater than the inhibition of ~O, in the same NaCI concentration.
Reversibility of the inhibitory effect of hypertonic NaCI solutions on the QO, of skin was tested, and the results are given in Table III . The QO2 was initially determined in isotonic medium A (column I); the skin was then transferred to hypertonic NaC1 media at two different concentrations (column II) for exactly 1 hour and the QO2 determined during the last 30 minutes (column III); the skin was then rinsed in medium A, resuspended in this medium, and the ~K), again determined (column IV). With a total concentration of 1.3 osmols per liter there was slight, but probably insignificant, evidence of reversibility. After 2.29 osmols per liter inhibition progressed during the final period in the isotonic medium. It may be concluded that the inhibition produced by hypertonic NaCI solutions is irreversible if the osmolarity exceeds about 1.3.
DISCUSSION
The results obtained here demonstrate that the rates of both oxygen consumption and anaerobic glycolysis of skin are reduced in hypertonic media irrespective of the substance used to produce the hypertonicity. The nature of the mechanism underlying the inhibition is, however, obscure. The respiration of avian erythrocytes is inhibited by hypertonic solutions (6) . Lovelock (2) has shown that human red blood cells are hemolyzed by exposure to high concentrations of NaC1, and that much more hemolysis is produced by exposure to strong salt solutions followed by resuspension in isotonic saline. Freezing red cells at about --3°C. for 5 minutes, corresponding to a NaCl concentration of 0.8 ~a, was the upper limit of the temperature zone in which hemolysis occurred. Lower temperatures, corresponding to higher NaCl concentrations, produced more hemolysis (2) . Fig. 1 shows that total solute concentrations of about 1.6 osmols per liter, corresponding to 0.8 M NaC1, produce about 70 per cent inhibition of the QOs of skin after 1 hour. Inhibition of oxygen consumption and anaerobic glycolysis in skin therefore occurs at solute concentrations within the range calculated (2) to occur during freezing.
The nature of the damage produced by freezing red blood cells has been shown by Lovelock (7) to be, at least in part, a dispersion of a lipid or lipoprotein constituent of the cell membrane by the high electrolyte concentration. Slater and Cleland (8) , however, showed that increased tonicity, obtained with sucrose, KCI, or phosphate, decreased the activity of the a-ketoglutarate oxidase system of heart muscle sarcomeres and that other oxidase systems were also inhibited by hypertonic sucrose. They interpreted their results to indicate that hypertonic solutions of these substances acted in a non-specific way on the physical state of the particles themselves. Therefore, there are at least two ways in which hypertonic solutions of dectrolytes may damage cells. The relationship of hypertonicity to tissue damage in frostbite will be discussed in more detail elsewhere.
SUMMARY
The rate of oxygen consumption by rat skin is inhibited similarly by hypertonic solutions of NaCI, KCI, and sucrose. The rate of anaerobic glycolysis is inhibited by hypertonic NaCL The inhibition of QO~ by NaCI concentrations above about 2 osmols per liter is not reversible.
